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Heme is an essential prosthetic group for many proteins involved in fundamental biological processes in all three domains of life.
In Eukaryota and Bacteria heme is formed via a conserved and well-studied biosynthetic pathway. Surprisingly, in Archaea heme
biosynthesis proceeds via an alternative route which is poorly understood. In order to formulate a working hypothesis for this
novel pathway, we searched 59 completely sequenced archaeal genomes for the presence of gene clusters consisting of established
heme biosynthetic genes and colocalized conserved candidate genes. Within the majority of archaeal genomes it was possible to
identify such heme biosynthesis gene clusters. From this analysis we have been able to identify several novel heme biosynthesis
genes that are restricted to archaea. Intriguingly, several of the encoded proteins display similarityto enzymes involved in heme d1
biosynthesis. To initiate an experimental veriﬁcation of our proposals two Methanosarcina barkeri proteins predicted to catalyze
the initial steps of archaeal heme biosynthesis were recombinantly produced, puriﬁed, and their predicted enzymatic functions
veriﬁed.
1.Introduction
Heme, a modiﬁed tetrapyrrole, acts as an essential prosthetic
group in many enzymes, sensory, and regulatory proteins.
Hemes are also essential components of electron transport
chains driving aerobic and anaerobic respiration and pho-
tosynthesis in almost all living organisms. Consequently,
heme-containing proteins are found in all three domains
of life, the Eukaryota,t h eBacteria,a n dt h eArchaea.T h e
biosynthesis of this important and ubiquitously distributed
molecule has been intensively studied in eukaryotic and bac-
terial organisms, but little is known about heme biosynthesis
in archaea. Itis now well established for bacteria and eukarya
that heme biosynthesis proceeds along a conserved pathway
with highly related enzymes and identical biosynthetic
intermediates (Figure 1(a))[ 1]. Heme synthesis represents
just one component of a larger, branched tetrapyrrole
biosynthesis pathway, which is also responsible for the
synthesis of chlorophylls, bacteriochlorophylls, cobalamin,
siroheme, heme d1 and coenzyme F430 (Figure 1(b))[ 2].
The common precursor for the formation of heme
and all other tetrapyrroles is 5-aminolevulinic acid (ALA).
Depending on the organism this molecule is either synthe-
sized through the condensation of glycine and succinyl-CoA
(Shemin pathway) by ALA synthase (HemAA)o ri nat w o -
stepenzymatic processfromglutamyl-tRNAviatheinterme-
diate glutamate-1-semialdehyde (GSA) by glutamyl-tRNA
reductase (HemAB) and GSA-2,1-aminomutase (HemL)
(C5-pathway) [3, 4]. Eight molecules of ALA are then
converted into uroporphyrinogen III (UROGEN), the ﬁrst
cyclic tetrapyrrole of the pathway, in three consecutive
enzymatic steps. First, two ALA molecules are condensed by
porphobilinogen synthase (HemB) to the pyrrole derivative
porphobilinogen (PBG) [5]. In the next step, four PBG
molecules are oligomerized to the linear tetrapyrrole pre-
uroporphyrinogen by PBG deaminase (HemC) and ﬁnally2 Archaea
tRNA
O
H
H
N
O
O
H2N
H2N
H2N
COOH
COOH
H
O
NH2
NH2
COOH
COOH
COOH
COOH
COOH
COOH
HO
NH
NH
DC
A B
HN
HN
HOOC
HOOC
HOOC
HOOC
HOOC
COOH
COOH
 Succinyl-CoA
 5-aminolevulinic acid
(ALA) 
 Porphobilinogen 
(PBG) 
 Pre-uroporphyrinogen
(1-hydroxymethylbilane)
COOH
COOH
COOH
COOH
NH
NH
D C
A B
HN
HN
HOOC
HOOC
HOOC
HOOC
 Uroporphyrinogen III
(UROGEN)
COOH
COOH
NH
NH
D C
A B
HN
HN
HOOC
HOOC
COOH
NH
NH
D C
AB
HN
HN
HOOC COOH
NH
N
D C
A B
HN
N
HOOC COOH
N
Fe
N
DC
AB
N
N
HOOC
Heme  Coproporphyrinogen III
(COPROGEN)
 Protoporphyrinogen IX
(PROTOGEN)
 Protoporphyrin IX
(PROTO)
GluTR
(hemA
B)
ALAS
(hemA
A)
Glutamate-1-
semialdehyde
(GSA)
GSAM
(hemL)
PBGS
(hemB)
PBGD
(hemC)
UROS
(hemD)
UROD
(hemE)
CPO
(hemF)
CPDH
(hemN)
PPO
(hemY) FC
(hemH)
PPO
(hemG)
Glutamyl-tRNA
O
S
CoA
+
Glycine  
(a)
NH2
H3C
H3C
NH
NH
D C
A B
HN
HN N
NH
DC
A B
HN
HN
COOH
COOH
COOH
COOH
COOH COOH
COOH
COOH Coenzyme F430
Siroheme
Heme d1
Cobalamin
COOH
Uroporphyrinogen III
(UROGEN)
(Bacterio)-
chlorophylls
Protoporphyrin IX
(PROTO)
Precorrin-2
(PC2)
HOOC HOOC
HOOC
HOOC
HOOC
NH
DC
A B
HN
N
N
COOH HOOC
Hemes
HOOC
HOOC
HOOC
H
O
5-aminolevulinic acid
(ALA)
(b)
Figure 1: Tetrapyrrole biosynthesis pathways. (a) Heme biosynthesis in most bacteria and the Eukaryota. The ﬁrst common precursor
in the classical heme biosynthesis pathway is ALA of which eight molecules are converted into UROGEN in three consecutive enzymatic
steps. UROGEN is then further converted into heme through successive modiﬁcations of the macrocycle side chains and ﬁnally iron
insertion. The enzymes involved in the classical heme biosynthesis are glutamyl-tRNA reductase (GluTR), glutamate-1-semialdehyde-2,1-
aminomutase (GSAM), 5-aminolevulinic acid synthase (ALAS), porphobilinogen synthase (PBGS), porphobilinogen deaminase (PBGD),
uroporphyrinogen III synthase (UROS), uroporphyrinogen III decarboxylase (UROD), oxygen-dependent coproporphyrinogen III oxidase
(CPO), coproporphyrinogen III dehydrogenase (CPDH), oxygen-dependent and oxygen-independent protoporphyrinogen IX oxidase
(PPO), and ferrochelatase (FC). The corresponding bacterial gene names are denoted in brackets below the enzyme names. (b) Overview of
thediﬀerentbranchesofthetetrapyrrole biosynthesispathway.Thelastcommonprecursorfortheformationofalltetrapyrroles isUROGEN.
Hemes and (bacterio)chlorophylls share PROTO as their last common intermediate. Siroheme, cobalamin, coenzyme F430,a n dh e m ed1 are
all biosynthesized via precorrin-2. In the Archaea and some bacteria an alternative heme biosynthesis pathway exists in which the heme is
biosynthesized from precorrin-2 via as yet unknown intermediates.Archaea 3
uroporphyrinogenIII(UROGEN)isformedbycyclizationof
the pre-uroporphyrinogen by UROGEN synthase (HemD)
[6]. The intermediate uroporphyrinogen III represents the
last common precursor for all tetrapyrroles and is therefore
an important branchpoint of the pathway. One of the
diverting biosynthetic routesleads tothe formation ofhemes
and (bacterio)chlorophylls via t h ei n t e r m e d i a t ec o p r o p o r -
phyrinogen III (COPROGEN) and the other represents the
ﬁrst step of cobalamin, siroheme, heme d1,a n dc o e n z y m e
F430 biosyntheses via the common intermediate precorrin-2.
COPROGENand precorrin-2 are formed from UROGENby
the key branchpoint enzymes uroporphyrinogen III decar-
boxylase (HemE) and S-adenosyl-L-methionine-dependent
uroporphyrinogen III methyltransferase (SUMT), respec-
tively. Eukaryotic and bacterial heme biosynthesis further
proceeds via the conversion of COPROGEN into proto-
porphyrinogen IX (PROTOGEN) by coproporphyrinogen
III oxidase (HemF) or dehydrogenase (HemN) and the
subsequent oxidation by protoporphyrinogen IX oxidase
(HemY, HemG) to protoporphyrin IX (PROTO) [7]. Finally,
the insertion of ferrous iron into PROTO by ferrochelatase
(HemH) yields the end product heme [8]. All heme biosyn-
thetic enzymes have been puriﬁed from many diﬀerent
eukaryotic and bacterial organisms and biochemically char-
acterized [1]. The corresponding genes (hemA, L, B, C, D,
E, F, N, Y, G, H) have all been cloned and sequenced [9].
In Figure 1(a) the commonly used gene designations for all
bacterial heme biosynthesis genes are given together with
their corresponding enzyme names.
In two independent bioinformatics studies in 2002
and 2008 the distribution of heme biosynthetic genes in
prokaryotic organisms was investigated by analysis of the
currently available sequenced microbial genomes [10, 11].
It was found that almost all bacteria which synthesize heme
de novo possess the complete set of hem genes (i.e., hemAA
or hemAB, hemL, hemB, hemC, hemD, hemE, hemF and/or
hemN, hemY or hemG, hemH). In contrast, some bacteria
(e.g., Clostridia and Desulfovibrio species) and almost all
archaea were found to possess only the genes encoding the
enzymes required for UROGEN formation (hemAB, L, B, C,
D) and lacked the genes encoding the enzymes necessary
for the conversion of UROGEN into heme [10, 11]. Such
a ﬁnding can be explained by (i) the possibility that these
organisms have no need for heme and require the initial
genes for cobalamin, siroheme, coenzyme F430,o rh e m ed1
formation, (ii) the possibility that they take up heme from
the environment, or (iii) the existence of an alternative, yet
unknown, heme biosynthesis pathway. For many free-living
bacteria and archaea heme uptake is not very likely since
heme is simply not available in their environment. However,
a few examples of such cases exist in archaea and bacteria
[12, 13]. Moreover, several pathogenic bacteria take up heme
from their host and use it as an iron source. However, these
bacteria often possess an intact heme biosynthetic apparatus
[11].
It has been known for some time that Desulfovib-
rio species and many archaea contain cytochromes and
other heme-containing proteins [14–22], and therefore they
must be able to synthesize their own heme. Indeed, for
the sulfate-reducing bacterium Desulfovibrio vulgaris and
the methanogenic archaeon Methanosarcina barkeri it was
shown experimentally that an alternative heme biosynthesis
pathway must exist. In these cases in vivo labeling studies
demonstrated that their hemes contain methyl groups on
rings A and B that are derived from methionine (via
S-adenosyl-L-methionine) and not from ALA as is the
case for hemes synthesized via the classical pathway [23,
24]. Further, in D. vulgaris sirohydrochlorin (the oxidized
form of precorrin-2), 12,18-didecarboxysirohydrochlorin,
coproporphyrin III, and PROTO were isolated as potential
heme biosynthesis intermediates [25]. Thus, the alternative
heme biosynthesis pathway seems to branch oﬀ the classical
pathway at the stage of UROGEN. In the ﬁrst step of the
alternative route UROGEN is methylated at rings A and B
by a SUMT-like enzyme to yield precorrin-2 (Figure 1(b)).
This SUMT-dependent methylation of UROGEN is also
required for the biosyntheses of cobalamin, siroheme, heme
d1,a n dc o e n z y m eF 430 (Figure 1(b)). Recently, in D. vulgaris
a bifunctional enzyme carrying both UROGEN synthase and
SUMTactivitiesandaprecorrin-2dehydrogenase(PC2-DH)
catalyzing precorrin-2 oxidation to sirohydrochlorin were
biochemicallycharacterized [26].Bothenzymesare probably
involved in the alternative heme biosynthesis pathway in this
organism.
Besides the in vivo labeling study in M. barkeri the
alternative heme biosynthesis pathway has not been inves-
tigated in archaea, so far. In the last few years the num-
ber of completely sequenced archaeal genomes has greatly
increased and therefore we decided to start our investigation
of archaeal heme biosynthesis with the search for potential
heme biosynthesis gene clusters within these genomes. We
found that many archaea indeed contain gene clusters
consisting of the known early heme biosynthesis genes
(hemAB, hemL, hemB, hemC, hemD)a n do f“ nir-like” genes
which encode proteins homologous to proteins involved
in heme d1 biosynthesis in denitrifying bacteria. Moreover,
very often the genes encoding a putative SUMT and a
potential PC2-DH were found localized in these archaeal
heme biosynthesis gene clusters. Here, the predicted SUMT
and PC2-DH from M.barkeri were recombinantly produced,
puriﬁed and shown in vitro to carry SUMT and PC2-DH
activity, respectively.
2.Materialsand Methods
2.1. Chemicals. All chemicals, reagents, and antibiotics were
obtained from Sigma-Aldrich (Taufkirchen, Germany) or
Merck (Darmstadt, Germany). DNA polymerase, restriction
endonucleases, and PCR requisites were purchased from
New England Biolabs (Frankfurt a.M., Germany). Oligonu-
cleotide primers were obtained from metabion international
AG (Martinsried, Germany). PCR puriﬁcation and gel
extraction Kitswere purchased from QiagenGmbH (Hilden,
Germany). Ni Sepharose 6 Fast Flow was purchased from
GE Healthcare (M¨ unchen, Germany). Uroporphyrin III was
obtained from Frontier Scientiﬁc Europe (Carnforth, UK).4 Archaea
2.2. Construction of Vectors for Recombinant Protein Pro-
duction. The gene mba A1461 encoding a potential PC2-
DH from M. barkeri was PCR ampliﬁed using the primers
01CysGN Mba BamHI fw (GAA GGG ATC CGA TGACCA
AAA CCA ATA ATT TTC) and 02CysGN Mba NotI rev
(GAA CGC GGC CGC TTA ACG GTT GCT GTT CAC)
containing BamHI and NotI restriction sites (underlined)
and cloned into appropriately cut pET-Duet-1 (Novagen,
Darmstadt, Germany) to generate pET-Duet mba A1461.
The plasmid pMA mba A1461 (GeneART, Regensburg, Ger-
many), which contains a synthetic copy of the mba A1461
gene, codon-optimized for expression in Escherichia coli,w a s
used as the DNA template for PCR.
The gene mba A1791 encoding a putative SUMT from
M. barkeri was PCR ampliﬁed using the primers MbarcobA-
ATG (CAC ATA TGT CAG GAA ATT ACG GAA AAG) and
MbarcobA-Stop (AGG ATC CAA AAC TAG TTA AAA GTC
AAC TCC TGT CCG) containing NdeIa n dSpeI-BamHI
restriction sites (underlined) from genomic M. barkeri
DNA. The resulting PCR fragments and the vector pET14b
(Novagen)weresubsequentlydigestedwithNdeIandBamHI
and ligated to generate pET14b mba A1791.
2.3. Bacterial Strains and Growth Conditions. E. coli DH10B
was used as the host for cloning. For production of recom-
binant proteins the E. coli strains BL21 (DE3) and BL21
Star (DE3) pLysS were used, respectively. The expression
vector pET14b mba A1791 was transformed into E. coli
BL21 Star (DE3) pLysS. The vector pET-Duet mba A1461
was transformed into E. coli BL21 (DE3). For recom-
binant protein production the E. coli strains carrying
the corresponding vectors were grown at 37◦Ci nL B -
medium containing appropriate antibiotics. Protein produc-
tion was induced by adding 50μM isopropyl isopropyl-β-
D-thiogalactopyranosid (IPTG) to the cultures at an optical
density at 578nm of 0.6. The E. coli BL21 (DE3) strain
containing pET-Duet mba A1461 was further cultivated at
37◦Cf o r4 h .T h eE. coli BL21 Star (DE3) pLysS strain
containing pET14b mba A1791 was further cultivated at
17◦C for 18h. The cells were harvested by centrifugation and
stored at −20◦C.
2.4. Puriﬁcation of Enzymes and Tetrapyrroles. The aﬃnity
chromatographic puriﬁcation of the recombinant enzymes
was performed as described before [27] with minor changes.
Brieﬂy, for resuspension of the E. coli cells, harbouring the
produced recombinant protein, buﬀer A (50mM Tris/HCl
(pH 7.5), 300mM NaCl, 10% (w/v) glycerol) was used
containing 1 mM phenylmethanesulfonyl ﬂuoride. The cells
were disrupted using a French press (1000p.s.i.) and the
soluble protein fraction was obtained by ultracentrifugation
(60min, 175000 × g, 4◦C). The supernatant was applied to
1mL of Ni Sepharose 6Fast Flow (GE Healthcare).The ﬂow-
through containing the tetrapyrroles accumulated during in
vivo protein production was applied to a 1mL silica gel
100 C18-reversed phase column (Sigma-Aldrich) and the
tetrapyrroleswereextractedasdescribedbefore[27].TheNi-
resinwith boundproteinswaswashed extensivelywithbuﬀer
A. After a preelution step with buﬀer A containing 20mM
imidazole the recombinant protein was eluted with buﬀer
A containing 300mM imidazole. Immediately after elution
ab u ﬀer exchange was performed in an anaerobic chamber
(Coy Laboratories, Grass Lake, MI, USA) by passing the
protein solution through a NAP-25 column (GE Healthcare)
that had beenequilibratedwith degassed buﬀerA containing
5mM dithiothreitol. The protein was stored at −20◦Cu n t i l
required.
2.5. Determination of Protein Concentration. The Bradford
Reagent(Sigma-Aldrich)wasused todetermineproteincon-
centrations, according to the manufacturer’s instructions,
using BSA as a standard.
2.6. Molecular Mass Determination. In order to determine
the oligomeric state of proteins a gel permeation chro-
matography was performed using a Superdex 200 10/30GL
column with an ¨ AKTA Puriﬁer system (GE Healthcare).
The column was equilibrated with buﬀer A containing
5mM dithiothreitol and calibrated using four standard
proteins: cytochrome c,conalbumin, alcohol dehydrogenase,
β-amylase (Kit Gel Filtration molecular weight markers
(Sigma-Aldrich)).Proteinsamples(1mgmL−1)wereapplied
to the column and the elution of proteins was monitored by
determination of the absorption of the eluate at 280nm as
described before [27].
2.7. In Vitro Enzyme Activity Assays. In vitro enzyme activi-
ties of the recombinantly produced and puriﬁed Mba A1791
and Mba A1461 proteins were measured using a coupled
enzyme assay as described before [27]. The assay was
performed in an anaerobic chamber (Coy Laboratories)
under strictly anaerobic conditions (O2 = 0ppm). The
substrate uroporphyrinogen III was generated enzymatically
from 1mM ALA using puriﬁed HemB (0.14μM) from Pseu-
domonasaeruginosa,HemC(0.15μM),andHemD(0.17μM)
both from Bacillus megaterium in a ﬁnal volume of 1mL
of degassed buﬀer B containing 50mM Tris/HCl (pH 8.0),
100mM KCl, 5mM MgCl2,a n d5 0 m MN a C l .I no r d e rt o
investigate the activity of Mba A1791 the enzyme was added
to a ﬁnal concentration of 1.5μM, and SAM as methyl
donor was added to a ﬁnal concentration of 200μM. In
order to determine the activity of Mba 1461, precorrin-2
was generated using P. aeruginosa NirE as SUMT [27]a ta
concentration of 1.5μM. The Mba 1461 was added to a ﬁnal
concentration of 1.5μM with 100μMN A D +.T h er e a c t i o n
mixtures were incubated overnight at 37◦Ci nt h ed a r k .U V -
visiblespectraoftheassaymixtur eswer er ecor dedonaV -650
spectrophotometer (Jasco, Gross-Umstadt, Germany).
2.8.BioinformaticsAnalysis. Fortheanalysisandcomparison
of archaeal genomes the “Microbial Genome Database
for Comparative Analysis” (http://mbgd.genome.ad.jp/)w a s
used [28–30]. This database contains a total of68 completely
sequenced archaeal genomes. Of these 68 genomes we
initially chose one for each species analyzed, that is, diﬀerent
strains within one species were not included, which leftArchaea 5
us with 59 genomes. The archaeal species whose genomes
were chosen are listed in Table 1. We also included the
genomes of E. coli, P. aeruginosa,a n dD. vulgaris as positive
and negative controls for our search. First, the database
was searched for the known early heme biosynthesis genes
of E. coli (hemAB, hemL, hemB, hemC, hemD)a n dt h e n
the database was used to ﬁnd “orthologous clusters” in
the archaeal genomes. With the “orthologous cluster” tool
all homologous hem genes in the chosen genomes were
displayed and a multiple genome map comparison could be
viewed. For the clustering parameters we chose the default
values of the database. Using the “multiple genome map
comparison” tool we identiﬁed gene clusters with similar
gene organization in the neighborhood of the known early
heme biosynthesis genes in the archaeal genomes.
3.Resultsand Discussion
3.1.TheLateHemeBiosynthesis GenesAre Missing in Archaeal
Genomes. In order to identify potential heme biosynthesis
gene clusters in the 59 archaeal genomes analyzed we
ﬁrst checked for the presence and genomic localization of
the early heme biosynthesis genes hemAB, hemL, hemB,
hemC,a n dhemD. Next, we inspected the genes located
in their direct neighborhood using the MBGD database.
Out of the 59 archaeal genomes included in this study
we found 12 genomes which do not contain any obvious
hem gene (Table 1). These organisms apparently do not
synthesize tetrapyrroles de novo unless via a completely
novel pathway. Alternatively, these members of the Archaea
do not need heme and other tetrapyrroles, respectively,
or they are able to take up these compounds from their
environment as described previously [12]. For example, it
was reported recently that many archaeal species possess
genes that encode putative homologs of the prokaryotic
BtuFCD system for cobalamin uptake [31]. Here, in the 12
genomes that lack the hem genes we also found btuFCD
homologs with theexception of theKorarchaeum cryptoﬁlum
and the Nanoarchaeum equitans genomes (not shown).
However, in the majority (47) of the studied genomes we
found all ﬁve hemgenes(hemAB, hemL,hemB,hemC, hemD)
whoseencodedproteinproductsareknowntoberesponsible
for formation of the tetrapyrrole precursor UROGEN. One
exception is the genome of Aeropyrum pernix which is
missing a recognizable hemD gene. As already observed
before [10, 11] we failed to detect the genes hemE, hemF/N,
hemG/Y, hemH encoding the known late heme biosynthesis
enzymes catalyzing the conversion of UROGEN into heme.
Exceptions from this rule came from the analysis of the
Picrophilus torridus, Thermoplasma acidophilum,a n dTher-
moplasma volcanium genomes. The genomes of these three
species contain hemE and hemH genes encoding UROGEN
decarboxylase and ferrochelatase, respectively, as highlighted
in earlier studies [10, 11]. However, no genes encoding rec-
ognizable COPROGEN oxidases/dehydrogenases (hemF/N)
or PROTOGEN oxidases (hemG/Y)w e r ef o u n d .T h u s ,
most archaea possess the genetic potential for synthesizing
UROGEN from glutamyl-tRNA via the intermediates GSA,
ALA, PBG, and pre-uroporphyrinogen and appear to have
genes for heme-containing proteins. Therefore, to make
heme they must transform the UROGEN by a novel pathway
that diﬀers from the known heme biosynthesis route. This
is consistent with the observation that the methanogenic
archaeon M.barkeri synthesizes itshemeviatheintermediate
precorrin-2 [24].
3.2. Archaeal Hem Genes Are Clustered with SUMT and
PC2-DH Genes. Upon closer bioinformatical inspection of
the chromosomal organization of the detected archaeal hem
genes we found that they are often located within gene
clusters comprising two or more hem genes (Table 1 and
Figure 2). Interestingly, within these hem gene clusters we
also detected genes potentially encoding a SUMT and a
precorrin-2 dehydrogenase (PC2-DH). SUMT proteins cat-
alyze the S-adenosyl-L-methionine-dependent methylation
of UROGEN on rings A and B at positions 2 and 7 to
giveprecorrin-2 (Figure 1(b)).The PC2-DH proteinsinturn
oxidize the precorrin-2 to sirohydrochlorin in a NAD+-
dependent reaction. Unfortunately, the nomenclature for
these two genes in the MBGD database is quite inconsistent
as the SUMTencoding geneis sometimes named cobA,cysG-
1, cysG-2, cysG, uroM,o rhemX, and the gene encoding
PC2-DH is referred to as sirC, hemX, cysG,o rcysG1.
In the following we will refer to the genes encoding the
methyltransferase and the dehydrogenase simply as the
SUMT and PC2-DH genes, respectively. In archaea a SUMT
is probably required for the synthesis of all tetrapyrroles
including heme, cobalamin, siroheme, and coenzyme F430
[24, 32]. The PC2-DH has been shown conclusively to be
involved in siroheme and anaerobic cobalamin formation
in bacteria [33, 34] and will probably fulﬁll this function
also in archaea. Its involvement in heme and coenzyme F430
biosyntheses has not yet been demonstrated and requires
further experimental evidence.
Althoughbothenzymes are requiredfortheformationof
all these diﬀerent tetrapyrroles in archaea, it is interesting to
note that almost all archaeal species possess only one SUMT
and one PC2-DH gene. The only exception from this rule
is Archaeoglobus fulgidus which possesses two SUMT genes.
As outlined above, the SUMT and PC2-DH genes are often
clustered on the genomes with the early hem genes. This
clustering of genes encoding the enzymes responsible for the
transformation of ALA into precorrin-2 or sirohydrochlorin
provides the organisms with the possibility of coordinated
gene expression and production of enzymes catalyzing con-
secutivebiosynthetic steps. However,such heme biosynthesis
gene clusters were not found in all archaeal genomes. For
some of the investigated species, like Ignicoccus hospitalis and
Caldivirga maquilingensis, the heme biosynthesis genes were
found scattered randomly throughout the genome (Table 1).
3.3. Potential Involvement of nir-Like Genes in Archaeal Heme
Biosynthesis. Interestingly,in32ofthearchaealgenomesthat
contain the early hem genes we also found so-called nir
genes (nirD, nirH, nirJ) co-localized in large gene clusters6 Archaea
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Figure2:Putativehemebiosynthesisgeneclusters.Themostcompletegeneclusterscontainingthehem,SUMT,PC2-DH,andahb-nir genes
were found in the genomes of diﬀerent Pyrobaculum species, members of the Methanosarcinales and Halobacteria (see also Table 1). Genes
located as direct or near neighbors are shownin the same color. The number of slashes indicates the number of genes encoding hypothetical
proteins which interrupt the gene cluster. The database gene numbers are given in the gene arrow representation without the abbreviation
forthe strain.These abbreviations are PAE forP. aerophilum,P A R S for P. arsenaticum,M Af o rM. acetivorans,M B A R forM. barkeri fusaro,
and VNG for Halobacterium sp. NRC-1.
with hemAB, hemL, hemB, hemC, hemD, SUMT,a n dPC2-
DH genes (Table 1 and Figure 2). It was previously reported
that D. vulgaris and some methanogenic archaea harbor
these nir genes on their genomes. It was speculated that
the nir genes might be involved in the alternative heme
biosynthesis pathway in these organisms [26]. Here, we show
not only that the methanogenic archaea contain nir genes,
but also that the majority of archaea that synthesize heme de
novo require these genes (Table 1). These nir genes encode
proteins that are homologous to proteins involved in heme
d1 biosynthesis in denitrifying bacteria such as P. aeruginosa.
The dioxoisobacteriochlorin heme d1 serves as an essential
prosthetic group in the cytochrome cd1 nitrite reductase
which catalyzes the second step of denitriﬁcation [36].
However, based on amino acid sequence homology searches,
only Pyrobaculum aerophilum, Pyrobaculum arsenaticum,
and Pyrobaculum calidifontis possess a potential cytochrome
cd1 nitrite reductase. All other archaeal genomes analyzed
in this study do not. Consequently, the majority of archaeal
nir genes are not involved in heme d1 biosynthesis. Rather,
theyarelikelytobeinvolvedinhemebiosynthesis. Therefore,
we renamed these nir-like genes in the Archaea ahb(archaeal
heme biosynthesis)-nir genes.
3.4. Structures of Potential Heme Biosynthesis Gene Clusters
in Archaea. As mentioned above, the ahb-nir genes are
often clustered with the hem, SUMT,a n dPC2-DH genes
on the archaeal genomes. The most complete gene clusters,
comprising ten out of the eleven potential heme biosynthesis
genes, were found in the genomes of P. aerophilum and P.
arsenaticum (Figure 2). In P. aerophilum these genes form
one large, uninterrupted gene cluster. Another striking clus-
tering of the potential heme biosynthesis genes was observed
in the Methanosarcinales (Figure 2). For example, in the
genomes of M. acetivorans and M. barkeri the genes hemAB,
hemL,hemB,hemC,ahb-nirD,ahb-nirH,ahb-nirJ1,a n dPC2-
DH are organized as one continuous gene cluster, while the
genes hemD, ahb-nirJ2,a n dSUMT are localized together
in a second gene cluster. In Halobacterium sp. NRC-1 three
heme biosynthesis-related gene clusterswere found. The ﬁrst
cluster comprises the genes hemL, hemB, hemC, hemD,a n d
SUMT, the second consists of hemAB, PC2-DH, ahb-nirD,
andahb-nirH andthethirdcontainsahb-nirJ1,a n dahb-nirJ2
(Figure 2). In the other archaeal species that possess ahb-nir
genestheclusteringwiththehem,SUMT,andPC2-DH genes
is less distinct, but there is still often a colocalization of one
ortwo ahb-nir genes with one or severalhemgenes(Table 1).
3.5. Proposed Function of the ahb-nir Genes during Heme
Biosynthesis in the Archaea. As already mentioned above the
ahb-nir genes encode proteins that are similar to proteins
involved in heme d1 biosynthesis. We compared the amino
acid sequences of the Ahb-Nir proteins from M. barkeri
with the Nir proteins involved in heme d1 biosynthesis in10 Archaea
P. aeruginosa. Wefound thefollowing sequenceidentities: M.
barkeri Ahb-NirD and P. aeruginosa NirD: 36.3%; Ahb-NirH
and NirH: 40.1%; Ahb-NirJ1 and NirJ: 29.5%; Ahb-NirJ2
and NirJ: 38.8%. Thus, the Ahb-NirJ2 is more similar to the
heme d1 biosynthesis protein NirJ than is the Ahb-NirJ1.
Additionally, we found an amino acid sequence identity of
31.8% between the two Ahb-NirJ proteins.
Although the precise functions of the Nir proteins
involved in heme d1 biosynthesis has not yet been estab-
lished, several reasonable proposals were made [26, 36–40].
First of all, it is known that heme d1 is biosynthesized from
precorrin-2 [27, 35]. In order to obtain heme d1 from this
precursor the following modiﬁcations have to take place:
(a) decarboxylation of the acetate groups on rings C and
D ,( b )r e m o v a lo ft h ep r o p i o n a t es i d ec h a i n so nr i n g sA
and B and replacement by oxo groups, (c) formation of
an acrylate side chain on ring D, (d) oxidation of the
tetrapyrrole macrocycle, and (e) iron insertion. The order
of these reactions is not known. However, it was proposed
thatthe oxidationreaction (b)might be catalyzedby the NirJ
protein during heme d1 formation [37]. NirJ belongs to the
so-called Radical SAM enzyme family whose members are
known to catalyze chemically challenging reactions through
radical-based mechanisms [41, 42]. It was also speculated
that the NirD, NirL, NirG, and NirH proteins might be
responsible for the decarboxylation reaction (a) [38].
In order to form heme from precorrin-2 the decar-
boxylation of the acetate groups on rings C and D as in
reaction (a) is required and thus might be catalyzed by
Ahb-NirD and Ahb-NirH. Further, the acetate side chains
on rings A and B have to be removed, probably in a
reaction which resembles the mechanism of reaction (b).
Consequently, the Radical SAM enzyme Ahb-NirJ2 which
shares 38.8% sequence identity with P. aeruginosa NirJ is a
goodcandidateforcatalyzingthisreaction.Thisfunctionwas
previouslyproposed forone ofthe NirJ-like proteinsfrom D.
vulgaris [26]. Another reaction which is required for heme
formation from precorrin-2 that has, however, no equivalent
in heme d1 biosynthesis is the oxidative decarboxylation
of the propionate side chains on rings A and B to the
corresponding vinyl groups. This reaction also takes place
during the classical heme biosynthesis route in most bacteria
and the Eukaryota. In bacteria it is catalyzed by either
HemF or HemN (see Figure 1(a)). HemN also belongs to the
Radical SAM enzyme family [43]. Thus, Ahb-NirJ1 (Radical
SAM family member) might catalyze the formation of the
required vinyl groups.In summary, we propose that the Ahb-
Nir proteins catalyze some of the late reaction steps during
archaeal heme biosynthesis from precorrin-2 (Figure 3).
3.6. Distribution of the ahb-nir Genes over the Archaeal
Genomes. In accordance with the proposed function of the
ahb-nir gene products during the late steps of archaeal
heme biosynthesis we failed to detect any of the ahb-nir
genes in those archaeal genomes without any hem genes
(Table 1). However, the presence of the hem genes in an
archaeal genome does not necessarily mean that the ahb-
nir genes are also present. As mentioned above, out of
Heme
HOOC COOH
D
AB
Ferrochelatase
Ahb-NirJ2
Ahb-NirJ1
Ahb-NirDH
Sirohydrochlorin
N
N N
N
Fe
C
HOOC
HOOC
HOOC
HOOC
PC2-DH
H3C
H3C
H3C
H3C
COOH
COOH
COOH
COOH
D
A B
NH
NH N
N
C
Precorrin-2
(PC2)
HOOC
HOOC
HOOC
HOOC
SUMT
COOH
COOH
COOH
COOH
D
A B
NH
NH N
HN
C
Uroporphyrinogen III
(UROGEN)
HOOC
HOOC
HOOC
HOOC
COOH
COOH
COOH
COOH
D
A B
NH HN
HN NH
C
Figure 3: Proposal for the novel, alternative heme biosynthesis
pathway in archaea. Archaeal heme biosynthesis starts with the
SAM-dependent methylation of UROGEN to precorrin-2 by a
SUMT and potentially proceeds via oxidation of precorrin-2 to
sirohydrochlorin by PC2-DH. The side chain modiﬁcations (high-
lighted by dashed circles) including acetate group decarboxylation
onrings CandD,acetate groupremovalonrings AandB,andvinyl
group formation on rings A and B are potentially catalyzed by the
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47 archaeal genomes containing all ﬁve early hem genes
only 32 also contain the ahb-nir genes. The 15 archaeal
specieswhich possess thehem,butnoahb-nir genesprobably
synthesize their UROGEN solely as precursor for siroheme
[44, 45],cobalamin [31] and, in the case ofmethanogens, for
coenzyme F430 [46]. However, most likely they do not form
heme. Accordingly, almost all of these 15 species also possess
both a SUMT and a PC2-DH gene which are required for
siroheme, cobalamin, and coenzyme F430 biosynthesis. One
exceptionis P.torriduswhich doesnot containarecognizable
PC2-DH gene.Moreover,T. acidophilum andT. volcanium do
not possess a SUMT gene. Interestingly, these three species
are the only representatives of the Archaea for which hemE
and hemH genes were found (see above). For P. torridus and
T. acidophilum heme-containingproteinswerebiochemically
characterized [18,20]. However, considering theobservation
that their genomes lackrecognizable ahb-nir genes and some
of the late hem genes their route of heme biosynthesis
remains currently unclear.
Within the group of the 32 archaeal species that contain
ahb-nir genes several subgroups can be recognized. First of
all, there are those speciesfor which a completeset ofahb-nir
genes (ahb-nirD, ahb-nirH, ahb-nirJ1, ahb-nirJ2) was found.
Out of the 32 genomes containing ahb-nir genes 27 contain
all four of them. Among the 5 genomes in which not all ahb-
nir genes are present, those of Halorhabdus utahensis and
Methanopyrus kandleri are missing ahb-nirD and ahb-nirH.
The genomes of Sulfolobus acidocaldarius, Haloquadratum
walsbyi,a n dNirosopumilus maritimus do not contain ahb-
nirJ1 and ahb-nirJ2. Thus, for these ﬁve species it is ques-
tionable whether they synthesize heme themselves, if at all
required. For example, for M. kandleri and N. maritimus no
indicationswerefoundintheliteratureordatabasesthatthey
possess heme-containing proteins.Further,twosubgroupsof
ahb-nir containing archaea can be distinguished depending
on whether they possess two distinct ahb-nirD and ahb-nirH
g e n e so rw h e t h e rt h e yc o n t a i na nahb-nirDH gene fusion.
In fact, almost all archaea possess the fused genes except for
thosemethanogenic archaeawhich containtheahb-nir genes
(Table 1). However, in these methanogens the ahb-nirD and
ahb-nirH genes are always located aside to each other on
the genome with the only exception being Methanosaeta
thermophila. Likewise, the two ahb-nirJ genes are also often
(15 out of 29) co-localized on the genomes, either as direct
neighborsorincloseproximitytoeachother,indicatinggene
duplication as the origin of the two copies.
Our bioinformatics investigation of 59 archaeal genomes
in combination with the experimental evidence that two
methylgroupsofarchaealhemearederivedfromS-adenosyl-
L-methionine strongly suggests that heme biosynthesis in
the Archaea follows a novel, yet mostly unknown route.
It starts with the methylation of UROGEN to precorrin-2
catalyzed by SUMT, followed by the oxidation of precorrin-
2 to sirohydrochlorin by PC2-DH and further transfor-
mations (decarboxylation of acetate groups, removal of
acetate groups, oxidative decarboxylation of propionate to
vinyl groups, and insertion of iron) of the macrocycle
side chains which are most likely performed by the Ahb-
N i rp r o t e i n s( Figure 3). Clearly, these proposals need to be
tested experimentally. Thus, we decided to ﬁrst verify the
predicted functions ofthe M. barkeri proteins Mba 1791and
Mba 1461 as SUMT and PC2-DH, respectively.
3.7. Production and Puriﬁcation of Recombinant Mba 1791
and Mba 1461. The M. barkeri proteins Mba 1791 and
Mba 1461 were recombinantly produced as N-terminal His-
tagged fusion proteins in E. coli. In both cases the recom-
binant proteins were produced in a soluble form and in a
high yield.WepuriﬁedMba 1791and Mba 1461toapparent
homogeneity using a single aﬃnity-chromatographic step
on Ni Sepharose 6 Fast Flow (Figure 4(a)). The puriﬁed
Mba 1791 exhibited a slight red-brown color. UV-visible
absorption spectroscopy suggested the presence of a copuri-
ﬁed tetrapyrrole, probablythereaction productofMba 1791
(data not shown). For other SUMTs (e.g., P. aeruginosa
NirE) the co-puriﬁcation of their reaction product has been
previously reported [27, 35, 47]. Therefore, the presence of a
tetrapyrrole inthepuriﬁedMba 1791wasaﬁrsthinttowards
the function of this protein as a SUMT. In contrast, puriﬁed
Mba 1461 appeared colorless.
The oligomeric state of Mba 1791 and Mba 1461 was
determined by gel permeation chromatography. This exper-
iment revealed a native relative molecular mass of 55,300 ±
840Da for Mba 1791 and 60,800 ± 7,300Da for Mba 1461,
respectively (Figure 4(a)). The calculated molecular masses
b a s e do nt h ea m i n oa c i ds e q u e n c e so ft h ep r o t e i n sa r e
26,350Da for Mba 1461 and 27,230Da for Mba 1791. Thus,
gel permeation chromatography suggests a dimeric structure
f o rb o t hp r o t e i n s .O t h e rS U M T s[ 48, 49]a n dP C 2 - D H[ 33,
50] are also thought to be dimeric proteins.
3.8. Mba 1791 Acts as a SUMT In Vivo. During production
of Mba 1791 in E. coli a red compound accumulated and
remained in the soluble protein fraction of the cell-free
extract after disruption of the cells and ultracentrifugation.
This compoundwas extractedusingC18-reversedphasesilica
gel and analyzed by UV-visible absorption spectroscopy. The
UV-visible absorption spectrum of the extracted compound
exhibited an absorption maximum at 378nm which strongly
resembled the previously reported spectra of sirohydrochlo-
rin (Figure 4(b))[ 50]. Obviously, recombinantly produced
M. barkeri Mba 1791 showed signiﬁcant SUMT activity in
the production host E. coli which led to the accumulation of
sirohydrochlorin, the oxidized form of the SUMT reaction
product precorrin-2. Such tetrapyrrole accumulation during
recombinant SUMT production has been described before.
Depending on the source of the enzyme the formation of
either trimethylpyrrocorphin, which is a nonphysiological
trimethylated reaction product, or sirohydrochlorin was
reported [27, 35, 47, 51–53]. Apparently, Mba 1791 belongs
to the class of SUMT enzymes that accumulates sirohy-
drochlorin and does not catalyze the overmethylation of
precorrin-2 to trimethylpyrrocorphin.
3.9. M. barkeri Mba 1791 Is a SUMT. In order to inves-
tigate the in vitro activity of Mba 1791 a coupled enzyme
assay was performed. The substrate uroporphyrinogen III12 Archaea
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Figure 4: Puriﬁcation and characterization of Mba 1791 and Mba 1461. (a) SDS-PAGE analysis of puriﬁed Mba 1791 (lane 1) and
Mba 1461 (lane 2). Gel permeation chromatography revealed native relative molecular masses of 55,300 ± 840Da for Mba 1791 (dotted
line) and 60,800 ± 7,300Da for Mba 1461 (solid line), respectively. (b) UV-visible absorption spectrum of extracted tetrapyrroles which
accumulated during production of recombinant Mba 1791 in E. coli. (c) UV-visible absorption spectra of enzyme assays after overnight
incubation at 37◦C in the anaerobic chamber. Uroporphyrinogen III was produced from ALA by the enzymes HemB, HemC, and HemD
(dashed double dotted line). Addition of puriﬁed Mba 1791 and SAM to the assay mixture resulted in precorrin-2 formation (solid line).
Addition of puriﬁed NirE, Mba 1461, and NAD+ to the assay resulted in formation of sirohydrochlorin (dotted line). In a coupled enzyme
assay containing puriﬁed Mba 1791 and Mba 1461 the formationof sirohydrochlorin was also observed (dashed line). For exact details see
Section 2.
was produced enzymatically and incubated overnight with
recombinant puriﬁed Mba 1791. The formation of reaction
products was followed using UV-visible absorption spec-
troscopy (Figure 4(c)).The absorptionspectrum ofa control
assay mixture containing only the uroporphyrinogen III
producingenzymes showed no characteristic absorption fea-
turesunderanaerobicconditions.Incontrast,theadditionof
puriﬁedMba 1791andSAMtothereactionmixtureresulted
in a yellow colored solution after overnight incubation.
The corresponding absorption spectrum exhibited a broad
absorption between 350–400nm and 400–500nm which
is characteristic for precorrin-2 [50, 54]. Consequently,
Mba 1791 is indeed a SUMT. Therefore, we will name the
enzyme from now on Mba SUMT. The speciﬁc activity
of Mba SUMT was determined with uroporphyrinogen III
(produced by chemical reduction of uroporphyrin III) atArchaea 13
a concentration of 17μM, a SAM concentration of 200μM
and a Mba SUMT concentration of 1.5μM. Under these
conditions we observed a speciﬁc activity of 616nmol
precorrin-2 × h−1× mg−1 Mba SUMT corresponding to a
turnover of 17h−1. This speciﬁc activity is in the same range
as the activities observed for other SUMTs [27, 55–57].
3.10. M. barkeri Mba 1461 is a PC2-Dehydrogenase. In order
to verify the postulated PC2-DH activity for Mba 1461 in an
in vitro assay the enzymatically produced uroporphyrinogen
III was converted to the PC2-DH substrate precorrin-2 by
addition of the SUMT NirE from P. aeruginosa. Additionally,
puriﬁed M. barkeri Mba 1461 and NAD+ were added to the
reaction mixture. After overnight incubation a UV-visible
absorption spectrum of the now purple reaction mixture
was measured. The spectrum (Figure 4(c)) corresponds to
a typical absorption spectrum of sirohydrochlorin with
an absorption maximum at 378nm [50]. Thus, Mba 1461
exhibited strong PC2-DH activity in vitro and can be safely
assigned as Mba PC2-DH.
We also tested the activities of the M. barkeri enzymes
Mba SUMTandMba PC2-DHinacoupledassay. Bothwere
added to the reaction mixture containing all enzymes for
uroporphyrinogenIIIgeneration.Afterovernightincubation
theUV-visibleabsorption spectrum ofthisassay mixturewas
similar to the spectrum of the reaction mixture containing
P. aeruginosa NirE (SUMT) and Mba PC2-DH showing
again the formation of sirohydrochlorin (Figure 4(c)). When
SAM and/or NAD+ were omitted from this activity assay
no formation of sirohydrochlorin was observed (data not
shown).
4.Conclusion
In this study we have identiﬁed gene clusters in many
archaeal genomes that are likely required for the biosynthesis
ofhemeviaanovelpathway.These geneclustersconsistof(i)
the known hem genes (hemAB, hemL, hemB, hemC, hemD)
necessary for the formation of the heme precursor URO-
GEN,(ii)theSUMT andPC2-DH genesrequiredforthesyn-
thesis oftheintermediates precorrin-2 and sirohydrochlorin,
and (iii) the ahb-nir genes whose protein products are
probably responsible for the conversion of sirohydrochlorin
into heme (Figure 3). We propose that the detected ahb-
nir genes are involved in archaeal heme biosynthesis and
not in heme d1 biosynthesis since almost all archaea do
not possess a cytochrome cd1 nitrite reductase. However,
we failed to detect any obvious genes encoding potential
ferrochelatases within the archaeal heme biosynthesis gene
clusters. The Archaea do not usually possess a hemH gene
encoding the bacterial-type ferrochelatase but do contain
several copies of genes encoding putative cobalt- and/or
magnesium chelatases, although they do not synthesize
chlorophylls. These gene products might be involved in the
archaeal heme biosynthesis. To conﬁrm our bioinformatics
ﬁndings and predictions further experimental veriﬁcation
will be required in order to determine the exact function
of the Ahb-Nir proteins in the archaeal heme biosynthesis
process.
Acknowledgments
The authors would like to thank Professor R. Thauer (MPI
Marburg) for the gift of genomic DNA from M. barkeri.
They also thank Dr. J. Moser (TU Braunschweig) for helpful
discussions. This work was ﬁnancially supported by grants
from the Deutsche Forschungsgemeinschaft, the Fonds der
Chemischen Industrie to G. Layer and the BBSRC to M. J.
Warren.
References
[1] G. Layer, J. Reichelt, D. Jahn, and D. W. Heinz, “Structure and
function of enzymes in heme biosynthesis,” Protein Science,
vol. 19, no. 6, pp. 1137–1161, 2010.
[2] A. R. Battersby, “Tetrapyrroles: the pigments of life,” Natural
Product Reports, vol. 17, no. 6, pp. 507–526, 2000.
[3] G .A .H u nt e randG .C .F e rr e ira,“ 5- A minolev u linat esy nt hase :
catalysis of the ﬁrst step of heme biosynthesis,” Cellular and
Molecular Biology, vol. 55, no. 1, pp. 102–110, 2009.
[4] C. L¨ uer, S. Schauer, K. M¨ obius et al., “Complex formation
between glutamyl-tRNA reductase and glutamate-1- semi-
aldehyde2,1-aminomutaseinEscherichiacoliduringtheinitial
reactions of porphyrin biosynthesis,” Journal of Biological
Chemistry, vol. 280, no. 19, pp. 18568–18572, 2005.
[5] E. K. Jaﬀe, “The porphobilinogen synthase catalyzed reaction
mechanism,”Bioorganic Chemistry,vol.32,no.5,pp.316–325,
2004.
[6] P. M. Shoolingin-Jordan, “Porphobilinogen deaminase and
uroporphyrinogen III synthase: structure, molecular biology,
and mechanism,” Journal of Bioenergetics and Biomembranes,
vol. 27, no. 2, pp. 181–195, 1995.
[7] H. A. Dailey, “Terminal steps of haem biosynthesis,” Bio-
chemical Society Transactions, vol. 30, no. 4, pp. 590–595,
2002.
[ 8 ]H .A .D a i l e y ,T .A .D a i l e y ,C .K .W u ,A .E .M e d l o c k ,J .P .R o s e ,
and K.F. Wang,“Ferrochelatase atthe millennium:structures,
mechanisms and [2Fe-2S] clusters,” Cellular and Molecular
Life Sciences, vol. 57, no. 13-14, pp. 1909–1926, 2000.
[9] N. Frankenberg, J. Moser, and D. Jahn, “Bacterial heme
biosynthesis and its biotechnological application,” Applied
Microbiology and Biotechnology, vol. 63, no. 2, pp. 115–127,
2003.
[10] H. Panek and M. R. O’Brian, “A whole genome view of
prokaryotic haem biosynthesis,” Microbiology, vol. 148, no. 8,
pp. 2273–2282, 2002.
[ 1 1 ]G .C a v a l l a r o ,L .D e c a r i a ,a n dA .R o s a t o ,“ G e n o m e - b a s e d
analysis of heme biosynthesis and uptake in prokaryotic
systems,” Journal of Proteome Research,v o l .7 ,n o .1 1 ,
pp. 4946–4954, 2008.
[12] S. Shima, M. Sordel-Klippert, A. Brioukhanov, A. Netrusov,
D. Linder, and R. K. Thauer, “Characterization of a heme-
dependent catalase from Methanobrevibacter arboriphilus,”
Applied and Environmental Microbiology, vol. 67, no. 7,
pp. 3041–3045, 2001.
[13] P. Duwat, S. Sourice, B. Cesselin et al., “Respiration capacity
of the fermenting bacterium Lactococcus lactis and its positive
eﬀects on growth and survival,” Journal of Bacteriology,
vol. 183, no. 15, pp. 4509–4516, 2001.14 Archaea
[ 1 4 ]J .W .A .A l l e n ,E .M .H a r v a t ,J .M .S t e v e n s ,a n dS .J .F e r g u s o n ,
“AvariantSystemIforcytochrome cbiogenesisinarchaea and
some bacteria has a novel CcmE and no CcmH,” FEBS Letters,
vol. 580, no. 20, pp. 4827–4834, 2006.
[15] I. Bertini, G. Cavallaro, and A. Rosato, “Cytochrome c:
occurrence and functions,” Chemical Reviews, vol. 106, no. 1,
pp. 90–115, 2006.
[16] I. Bertini, G. Cavallaro, and A. Rosato, “Evolution of
mitochondrial-type cytochrome c domains and of the protein
machinery for their assembly,” Journal of Inorganic Biochem-
istry, vol. 101, no. 11-12, pp. 1798–1811, 2007.
[17] T. A. K. Freitas, S. Hou, E. M. Dioum et al., “Ancestral
hemoglobinsinArchaea,” Proceedings of the National Academy
of Sciences of the United States of America, vol. 101, no. 17,
pp. 6675–6680, 2004.
[18] W. W. Ho, H. Li, C. R. Nishida, P. R. Ortiz De Montellano, and
T. L. Poulos, “Crystal structure and properties of CYP231A2
from the thermoacidophilic archaeon Picrophilus torridus,”
Biochemistry, vol. 47, no. 7, pp. 2071–2079, 2008.
[19] M. Nardini, A. Pesce, L. Thijs et al., “Archaeal protoglobin
structure indicatesnewliganddiﬀusionpathsandmodulation
of haem-reactivity,” EMBO Reports, vol. 9, no. 2, pp. 157–163,
2008.
[20] M. M. Pereira, T. M. Bandeiras, A. S. Fernandes, R. S. Lemos,
A. M. P. Melo, and M. Teixeira, “Respiratory chains from
aerobicthermophilicprokaryotes,”Journal of Bioenergetics and
Biomembranes, vol. 36, no. 1, pp. 93–105, 2004.
[21] G. Sch¨ a f e r ,M .E n g e l h a r d ,a n dV .M¨ uller, “Bioenergetics of the
Archaea,” Microbiology and Molecular Biology Reviews,v o l .6 3 ,
no. 3, pp. 570–620, 1999.
[22] R. K. Thauer, A. K. Kaster, H. Seedorf, W. Buckel, and R.
Hedderich, “Methanogenic archaea: ecologically relevant dif-
ferencesinenergyconservation,”Nature ReviewsMicrobiology,
vol. 6, no. 8, pp. 579–591, 2008.
[ 2 3 ]H .A k u t s u ,J .S .P a r k ,a n dS .S a n o ,“ L - m e t h i o n i n em e t h y l
is speciﬁcally incorporated into the C-2 and C-7 positions
of the porphyrin of cytochrome c3 in a strictly anaerobic
bacterium, Desulfovibrio vulgaris,” Journal of the American
Chemical Society, vol. 115, no. 25, pp. 12185–12186, 1993.
[24] B. Buchenau, J. Kahnt, I. U. Heinemann, D. Jahn, and
R. K. Thauer, “Heme biosynthesis in Methanosarcina bark-
eri via a pathway involving two methylation reactions,”
Journal of Bacteriology, vol. 188, no. 24, pp. 8666–8668,
2006.
[25] T. Ishida, L. Yu, H. Akutsu et al., “A primitive pathway of
porphyrin biosynthesis and enzymology in Desulfovibrio
vulgaris,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 95, no. 9, pp. 4853–4858,
1998.
[26] S. A. L. Lobo, A. Brindley, M. J. Warren, and L. M. Saraiva,
“Functional characterization of the early steps of tetrapyr-
role biosynthesis and modiﬁcation in Desulfovibrio vulgaris
Hildenborough,” Biochemical Journal, vol.420, no. 2,pp. 317–
325, 2009.
[ 2 7 ]S .S t o r b e c k ,J .W a l t h e r ,J .M ¨ uller et al., “The Pseudomonas
aeruginosa nirE gene encodes the S-adenosyl-L-methionine-
dependent uroporphyrinogen III methyltransferase required
for heme d biosynthesis,” FEBS Journal, vol. 276, no. 20,
pp. 5973–5982, 2009.
[28] I. Uchiyama, “MBGD: microbial genome database for com-
parative analysis,” Nucleic Acids Research,v o l .3 1 ,n o .1 ,
pp. 58–62, 2003.
[29] I. Uchiyama, “MBGD: a platform for microbial compar-
ative genomics based on the automated construction of
orthologous groups,” Nucleic Acids Research,v o l .3 5 ,n o .1 ,p p .
D343–D346, 2007.
[30] I. Uchiyama, T. Higuchi, and M. Kawai, “MBGD update 2010:
toward a comprehensive resource for exploring microbial
genome diversity,” Nucleic Acids Research,v o l .3 8 ,n o .1 ,p p .
D361–D365, 2009.
[31] Y .Zhang,D .A .R od iono v ,M.S.G e lf and ,andV .N .G lad y shev ,
“Comparative genomic analyses of nickel, cobalt and vitamin
B12 utilization,” BMC Genomics, vol. 10, article 78, 2009.
[32] A. Pfaltz,A. Kobelt, R. Hunster, and R. K. Thauer, “Biosynthe-
sis of coenzyme F430 in methanogenic bacteria. Identiﬁcation
of 15,17-seco-F430-17-acid as an intermediate,” European
Journal of Biochemistry, vol. 170, no. 1-2, pp. 459–467, 1988.
[33] H. L. Schubert, R. S. Rose, H. K. Leech et al., “Structure and
function of SirC from Bacillus megaterium:am e t a l - b i n d i n g
precorrin-2 dehydrogenase,” Biochemical Journal, vol.415, no.
2, pp. 257–263, 2008.
[34] M. J. Warren, E. Raux, H. L. Schubert, and J. C. Escalante-
Semerena, “The biosynthesis of adenosylcobalamin (vitamin
B),” Natural Product Reports, vol. 19, no. 4, pp. 390–412,2002.
[35] R. S. Zajicek, S. Bali, S. Arnold, A. A. Brindley, M. J. Warren,
and S. J. Ferguson, “D haem biogenesis—assessingthe roles of
three nir gene products,” FEBS Journal, vol. 276, no. 21, pp.
6399–6411, 2009.
[36] W. G. Zumft, “Cell biology and molecular basis of denitriﬁca-
tion?”Microbiology andMolecular BiologyReviews, vol.61,no.
4, pp. 533–616, 1997.
[ 3 7 ]A .A .B r i n d l e y ,R .Z a j i c e k ,M .J .W a r r e n ,S .J .F e r g u s o n ,a n dS .
E.J.Rigby, “NirJ,aradicalSAMfamilymemberofthed1 heme
biogenesis cluster,” FEBS Letters, vol. 584, no. 11, pp. 2461–
2466, 2010.
[38] S.K a wasaki,H.A rai,T .K odama,andY .I garashi,“ Geneclust er
for dissimilatory nitrite reductase (nir)f r o mPseudomonas
aeruginosa: sequencing and identiﬁcation of a locus for heme
d1 biosynthesis,” Journal of Bacteriology, vol. 179, no. 1, pp.
235–242, 1997.
[39] G. Palmedo, P. Seither, H. Korner et al., “Resolution of
the nirD locus for heme d1 synthesis of cytochrome cd
(respiratory nitrite reductase) from Pseudomonas stutzeri,”
European Journal of Biochemistry, vol. 232, no. 3, pp. 737–746,
1995.
[40] M. Suzuki, T. Hirai, H. Arai, M. Ishii, and Y. Igarashi, “Puriﬁ-
cation, characterization, and gene cloning of thermophilic
cytochrome cd nitrite reductase from Hydrogenobacter ther-
mophilus TK-6,” Journal of Bioscience and Bioengineering,v o l .
101, no. 5, pp. 391–397, 2006.
[41] S. J. Booker, “Anaerobic functionalization of unactivated C-H
bonds,” Current Opinion in Chemical Biology, vol. 13, no. 1,
pp. 58–73, 2009.
[42] P. A. Frey, A. D. Hegeman, andF. J.Ruzicka, “The radical SAM
superfamily,” Critical Reviews in Biochemistry and Molecular
Biology, vol. 43, no. 1, pp. 63–88, 2008.
[43] G. Layer, J. Moser, D. W. Heinz, D. Jahn, and W. D. Schubert,
“Crystal structure of coproporphyrinogen III oxidase reveals
cofactor geometry of Radical SAM enzymes,” EMBO Journal,
vol. 22, no. 23, pp. 6214–6224, 2003.
[44] E. F. JohnsonandB.Mukhopadhyay, “Coenzyme F-dependent
sulﬁte reductase-enabled sulﬁte detoxiﬁcation and use of
sulﬁte as a sole sulfur source by Methanococcus maripaludis,”
Applied and Environmental Microbiology, vol. 74, no. 11, pp.
3591–3595, 2008.
[45] A. Schiﬀe r ,K .P a r e y ,E .W a r k e n t i ne ta l . ,“ S t r u c t u r eo ft h e
Dissimilatory Sulﬁte Reductase from the HyperthermophilicArchaea 15
Archaeon Archaeoglobus fulgidus,” Journal of Molecular Biol-
ogy, vol. 379, no. 5, pp. 1063–1074, 2008.
[46] R. K. Thauer and L. G. Bonacker, “Biosynthesis of coenzyme
F430, a nickel porphinoid involved in methanogenesis,” Ciba
Foundation symposium, vol. 180, pp. 210–222, 1994.
[47] J.Fan,D .W ang,Z.Liang,M.Guo,M.T eng,andL.Niu,“Maize
uroporphyrinogen III methyltransferase: overexpression of
t h ef u n c t i o n a lg e n ef r a g m e n t si nEscherichia coli and one-step
puriﬁcation,” Protein Expression and Puriﬁcation, vol. 46, no.
1, pp. 40–46, 2006.
[48] M. E. Stroupe, H. K. Leech, D. S. Daniels, M. J. Warren, and
E. D. Getzoﬀ, “CysG structure reveals tetrapyrrole-binding
features and novel regulation of siroheme biosynthesis,”
Nature Structural Biology,vol.10,no.12,pp.1064–1073,2003.
[49] J.V´ evodov´ a,R.M.Graham,E.Rauxetal.,“Structure/function
studies on a S-adenosyl-L-methionine-dependent uropor-
phyrinogen III C methyltransferase (SUMT), a key regulatory
enzyme of tetrapyrrole biosynthesis,” Journal of Molecular
Biology, vol. 344, no. 2, pp. 419–433, 2004.
[50] H. L. Schubert, E. Raux, A. A. Brindleyet al., “The structure of
Saccharomyces cerevisiae Met8p, a bifunctional dehydrogenase
and ferrochelatase,” EMBO Journal, vol. 21, no. 9, pp. 2068–
2075, 2002.
[51] . Chou Pei-Lin, M. Ohtsuka, T. Minowa et al., “Reddish
Escherichia coli cells caused by overproduction of Bacillus
stearothermophilus uroporphyrinogen III methylase: cloning,
sequencing, and expression of the gene,” Bioscience, Biotech-
nology and Biochemistry, vol. 59, no. 10, pp. 1817–1824, 1995.
[52] T.Leustek,M.Smith,M.Murilloetal.,“Sirohemebiosynthesis
in higher plants. Analysis of an S-adenosyl-L- methionine-
dependent uroporphyrinogen III methyltransferase from Ara-
bidopsis thaliana,” J o u r n a lo fB i o l o g i c a lC h e m i s t r y ,vol. 272,no.
5, pp. 2744–2752, 1997.
[ 5 3 ]I .S a t t l e r ,C .A .R o e s s n e r ,N .J .S t o l o w i c he ta l . ,“ C l o n i n g ,
sequencing, and expression of the uroporphyrinogen III
methyltransferase cobA gene of Propionibacterium freudenre-
ichii (shermanii),” Journal of Bacteriology, vol. 177, no. 6, pp.
1564–1569, 1995.
[54] M.J.W arren,N.J.Stolowich,P .J.Santander ,C.A.Roessner ,B.
A. Sowa, and A. I. Scott, “Enzymatic synthesis of dihydrosiro-
hydrochlorin (precorrin-2) and of a novel pyrrocorphin by
uroporphyrinogen III methylase,” FEBS Letters, vol. 261, no.
1, pp. 77–80, 1990.
[55] F. Blanche, L. Debussche, D. Thibaut, J. Crouzet, and B.
Cameron, “Puriﬁcation and characterization of S-adenosyl-
L-methionine: uroporphyrinogen III methyltransferase from
Pseudomonas denitriﬁcans,” Journal of Bacteriology, vol. 171,
no. 8, pp. 4222–4231, 1989.
[56] F. Blanche, C. Robin, M. Couder et al., “Puriﬁcation,
characterization, and molecular cloning of S-adenosyl-L-
methionine:uroporphyrinogen III methyltransferase from
Methanobacterium ivanovii,” Journal of Bacteriology, vol. 173,
no. 15, pp. 4637–4645, 1991.
[ 5 7 ]C .R o b i n ,F .B l a n c h e ,L .C a u c h o i s ,B .C a m e r o n ,M .C o u d e r ,
and J. Crouzet, “Primary structure, expression in Escherichia
coli, and properties of S-adenosyl-L-methionine: uropor-
phyrinogen III methyltransferase from Bacillus megaterium,”
Journal of Bacteriology, vol. 173, no. 15, pp. 4893–4896, 1991.